Real-space vortex glass imaging and the vortex phase diagram of SnMoeSg 
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Using scanning tunnelling microscopy at 400 mK, we have obtained maps of around 100 vortices 
in SnMoeSg from 2 - 9T. The orientational and positional disorder at 5 and 9T show that these are 
the first large-scale images of a vortex glass. At higher temperature a magnetisation peak effect is 
observed, whose upper boundary coincides with a lambda anomaly in the specific heat. Our data 
favour a kinetic glass description of the vortex melting transition, indicating that vortex topological 
disorder persists at fields and temperatures far below the peak effect in low-Tc superconductors. 



PACS numbers: 74.25. Qt, 64.70.P-, 74.70.Dd 

Twenty years after the first attempt to produce a gen- 
eralised vortex phase diagram for type-II superconduc- 
tors, there is still no general consensus on this subject. In 
particular, confusion remains over the nature and topol- 
ogy of the "vortex glass" phase [TJ |21 [3] and its relation 
to the peak effect observed in DC magnetisation and AC 
susceptibility of numerous type-II systems. It has been 
claimed that the peak effect in low-Tc materials is asso- 
ciated with the transition from a Bragg glass to a vortex 
glass [1]. Other peak effect interpretations include the 
elastic lattice softening model [S] and a multi-dynamic 
vortex liquid scenario However, recent studies of 
NbsSn do not give any indication of a phase transition 
from a Bragg glass to an intermediate disordered state 
within the peak regime: instead, the peak effect is inter- 
preted as arising from the metastability of an underlying 
first-order vortex melting transition [71 [5] . It may there- 
fore be considered as a zone dominated by strong thermal 
fluctuations and consequentially enhanced pinning. 

Extended real-space vortex imaging is the best method 
of clarifying the extent of disorder in the {H,T) phase dia- 
gram. However, it remains a considerable challenge, with 
the inherent difficulties varying with the choice of su- 
perconductor. In low-Tc materials the disordered vortex 
phase typically spans a narrow window of phase space, 
thus limiting experimental accessibility |7]. Images of 
the disordered phase have only been obtained in NbSe2, 
where magnetic decoration reveals static disorder [9] and 
scanning tunnelling microscopy (STM) in the peak effect 
regime displays a crossover from collective vortex motion 
to positional fluctuations [TD]. In contrast, disorder occu- 
pies a far greater portion of phase space in high-TcS due to 
their small coherence volumes and hence increased influ- 
ence of thermal fluctuations. Unfortunately high vortex 
mobility severely complicates the detection of any stable 
high-fleld vortex solid in these compounds [TT] . 



The Chevrel phase SnMoeSg is an attractive system 
to investigate since its extremely short coherence length 
^ 3 nm lies close to those of the high-TcS, suggesting 
that disordered zones of its phase diagram may be more 
extensive and easily experimentally accessible. An addi- 
tional advantage is its quasi-3D crystal structure which 
should help to stabilise any disordered solid phase against 
melting at non-zero temperature [1]. In this Letter, we 
present extended 100 vortices) STM images of a stable 
vortex glass at 400 mK in SnMoeSg, far below the {H,T) 
range where the magnetisation peak effect is observed. 
The vortex glass has a high defect density, resulting in 
short-range positional and orientational order. This con- 
trasts with the defect-free quasi-long-range ordered low- 
field (2T) structure, suggestive of a Bragg glass. Con- 
cerning the impact of the peak effect on the phase dia- 
gram, we observe a small lambda anomaly superimposed 
on the electronic specific heat jump at Tc2 (H) . This im- 
plies that the enhanced pinning within the peak effect 
region is due to the increasing influence of thermal fluc- 
tuations prior to a vortex melting transition |H]. 

Single crystals of SnMoeSs (typical size 3.5 mm"^) were 
grown in sealed molybdenum crucibles at 1550 °C. Their 
high purity was verifled by X-ray diffraction and AC 
susceptibility measurements, yielding = 14.2 K with 
an unprecedentedly low transition width of 0.1 K. Mag- 
netisation measurements were performed in a Quantum 
Design SQUID and a Lakeshore 7300 vibrating sam- 
ple magnetometer (VSM), while heat capacity measure- 
ments in flelds up to 28T were carried out in a high- 
resolution micro-calorimeter using the "long-relaxation 
technique" [T2| . The low-temperature vortex structure 
(VS) was imaged using cleaved samples in a home-built 
high- vacuum (~10~* mbar) helium-3 STM operating in 
spectroscopic mode at 400 mK. Samples were field-cooled 
from 18 K to 1.8 K at roughly 14 K/hour, kept at 1.8 K 



2 



for 12 hours, then cooled to 400 mK and held for a further 
36 hours prior to measurement. This procedure allows 
the VS to relax towards its low-temperature equilibrium 
state. Vortices were imaged as local minima in (Tpj^/azBC 
conductance-contrast maps, with Upk the conductance at 
the Meissner state coherence peak energy (3 meV) and 
o'ZBC the zero-bias conductance [TT. Figure [l] shows the 
vortex positions (blue spots) for applied fields of 2, 5 and 
9 T on an atomically flat surface. In contrast with pre- 
vious reports on STM vortex imaging typically showing 
a few dozen vortices jITl 113] , our images contain signif- 
icantly more vortices (~ 100). This allows us to accu- 
rately study the field-evolution of the VS in SnMogSs. 

The topological properties of the SnMogSs VS change 
remarkably with field: the 2 T VS is almost perfectly 
hexagonal whereas the 5 and 9 T VS are much more dis- 
ordered. This is evident from analysing the Delaunay tri- 
angulation [TJ] of the structures, a construction allowing 
the identification of nearest-neighbors and hence topolog- 
ical defects (non-six- fold coordinated vortices). The 2T 
VS lacks defects whereas the high-field VS (5 and 9T) 
present numerous dislocations (pairs of five and seven- 
fold coordinated vortices highlighted with orange trian- 
gles), their density increasing with field. 

A more quantitative description of the topology of the 
VS is provided by the orientational and positional corre- 
lation functions [T31[Tn]. Figure [l](d) shows the orienta- 
tional correlation function GQ{r) = <vI/g(0)\E'g(r)> mea- 
suring the spatial evolution of the orientational order pa- 
rameter ^6('') — (l/^)5^j'=i exp6i0j(r) [TS], a quantifica- 
tion of the angular misalignment of vortices with respect 
to the principal directions of a perfect triangular lattice. 
Within the field of view the 2 T VS presents quasi-long- 
range orientational order, whereas in higher fields the 
orientational order is short-ranged: for large r/a, G(,{r) 
at 5 T is roughly 5 times smaller than that at 2T and 
GQ{r) at 9T lies close to zero (for perfect orientational 
order GQ{r) = 1). The lower degree of orientational order 
in the high-field VS is mainly associated with the pro- 
liferation of dislocations. Figure [T](e) shows the spatial 
evolution of Gif(7'), the average of the positional corre- 
lation functions Gki(r) evaluated in the three principal 
directions of the vortex structure (ki are obtained from 
the peak positions in the VS Fourier transform). Each 
G'ki(r) = <^'ki(0)\E'ki*(r)>, where the positional order 
parameter ^'ki(r) = expiki • r, measures the spatial evo- 
lution of the vortex displacements with reference to the 
sites of a perfect hexagonal lattice [Ml [15] . In the 2 T VS 
the envelope of Gjiir) exhibits a power-law decay, a de- 
pendence consistent with the quasi-long-range positional 
order characteristic of Bragg glasses [111 HZ]- However, 
for the high- field VS the envelope of Gxir) is better de- 
scribed by an exponential decay, indicative of short-range 
positional order. The positional order deteriorates with 
increasing field: for the 9T VS G_fs-(r) decays faster and 
tends to a value close to zero at large r/a. The con- 



siderable number of dislocations present in the high-field 
VS at temperatures as low as 400 mK contrasts strongly 
with the defect-free 2T VS, indicating that the 5 and 
9T VS depict a vortex glass [J whilst the 2T image 
most probably represents a Bragg glass [THl 117]. In or- 
der to confirm the latter, shaking experiments should be 
performed: this is not possible with our current experi- 
mental setup. Since the vortex interaction energy grows 
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FIG. 1: Vortex structure in SnMosSs at 400 mK imaged by 
STM at (a) 2, (b) 5 and (c) 9T. Right panels: correspond- 
ing Delaunay triangulations with nearest-neighbors linked by 
orange lines and topological defects highlighted with orange 
triangles, (d) Orientational correlation functions of the struc- 
tures and a schematic of the angles considered for the calcu- 
lation (see text), (e) Positional correlation functions and fits 
of the envelope using power-law (blue-dashed line, 2 T) and 
exponential (orange and purple-dashed lines, 5 and 9 T) de- 
cays. The maps were acquired with a 60 MQ, junction using 
a lock-in technique [11] . 
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in increasing magnetic field, the observation of a less or- 
dered 5 T VS suggests that a disorder-induced topological 
transition takes place in SnMoeSg between 2 and 5 T. 

It is instructive to examine the nature of vortex pinning 
within the phase space probed by STM, since in certain 
cuprates the low-temperature vortex order-disorder tran- 
sition accompanies a crossover from individual to collec- 
tive pinning [IF. InFig.|2];a) we plot the evolution of the 
critical current density Jc{H, T) (estimated from SQUID 
magnetisation loops). Two zones are immediately visible: 
a low-field region where is roughly field-independent 
(characteristic of individual vortex pinning [191 ) and a 
high-field region in which Jc decreases with increasing 
field. A distinct kink separates the two regions and we 
identify this as the crossover field between individual 
and weak collective pinning. Although we are not able 
to measure our sample magnetisation at 400 mK, Hx{T) 
is well-fitted by a simple exponential decay (Fig. [2](b)). 
Extrapolating this fit, we estimate ^ 2.2 ± 0.30 T at 
400 mK. One possible explanation for our STM-imaged 
order-disorder transition between 2 and 5 T could there- 
fore be the crossover from individual to weak collective 
pinning. However, we stress that there is no simple re- 
lationship between pinning strength and topology due to 
the different lengthscales governing each property: the 
pinning potential ranges over ~ ^, whereas topological 
disorder is exhibited over lengthscales of the order of the 
vortex lattice constant a 3> ^. 

Order-disorder transitions in solid vortex matter are 
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FIG. 2: (a) Critical current versus field in SnMoeSg (solid 
lines) obtained from magnetisation loops at different temper- 
atures. The crossover from individual to collective vortex 
pinning is identified as a kink in the curves. Dashed lines: 
visual guides extrapolating the high-field Jc{H). (b) Pinning 
crossover field H^iT). An exponential decay ae~'"^ c ex- 
trapolates the fit to r = 0. 



typically indicated by a peak effect, i.e. a jump in Jc 
due to enhanced pinning, accompanied by a strongly hys- 
teretic zone in the sample magnetisation [20]. Compared 
with the cuprates, the peak effect in low-T^ superconduc- 
tors is generally located at much higher fields and tem- 
peratures just below Tc2{H). Since ^ in SnMoeSg lies be- 
tween those found in low-TcS and cuprates it is important 
to verify the existence and location of any peak effect. 
Figure [3ja) displays magnetisation loops from 10 - 14 K: 
a clear peak effect may be seen below 14 K, broadening 
and moving linearly to higher fields as the temperature is 
reduced. (T) is located at far lower fields than this lo- 
cal hysteresis, i.e. the peak effect and the order-disorder 
transition imaged by STM are two separate phenomena. 
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FIG. 3: (a) Magnetisation hysteresis loops at T = 10-12.5 K 
using a VSM. Inset: Hysteresis loops from 12.5-14 K using the 
more sensitive SQUID, (b) Total specific heat in SnMosSs 
from 0-28 T (the sample remains in the normal state at 
28T above 4 K). The superconducting transition tempera- 
ture Tc2{H) is defined at the midpoint of the heat capacity 
jump. Right inset: Electronic specific heat Ceiec = C{H)/T - 
C(28T)/r for 3.5-14 T. Left inset: 3D-LLL scaling (see text) 
of Ceiec for 3.5-10.5 T. 
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In common with most experimental probes, magnetisa- 
tion data are sensitive to irreversible contributions from 
flux pinning. Conclusive information on the nature of 
any phase transition(s) underlying the peak effect may 
therefore only be obtained from a purely thermodynamic 
quantity, such as the specific heat. In Fig. ^h) we show 
both the total (C) and electronic (Ceiec) heat capacities 
of SnMogSs close to Tc2{H). It should be noted that 
there is no evidence for any phase transition in the field 
or temperature ranges compatible with the onset of the 
magnetisation peak effect. However, at low fields a small 
lambda anomaly superimposed on the jump at Tc2{H) 
is clearly visible, which is broadened and smeared out 
at higher fields. The transition and anomaly exhibit 
good 3D lowest-Landau-level (3D-LLL) scaling [^, as 
expected for the field range measured, thus confirming 
the fiuctuation origin of the anomaly. The situation in 
SnMoeSs appears identical to that in NbsSn [7l[8], where 
a similar lambda anomaly has been shown to be repre- 
sentative of a metastable first order vortex melting tran- 
sition. We therefore identify the peaks in C/T as approx- 
imate vortex lattice melting temperatures Tvm- 

Combining data from bulk and local probes, we sum- 
marise the SnMoeSs vortex phase diagram in Fig.g] The 
majority of phase space is occupied by a vortex glass, a 
remarkable result which at first glance is unexpected for 
a low- Tc material. However, our specific heat data pro- 
vides an explanation for this prevalence of disorder. The 
absence of any latent heat (which would manifest itself as 
a spike in C/T at Tym) implies that a kinetic glass tran- 
sition takes place: the vortex liquid has been undercooled 
and frozen into a disordered sohd (the vortex glass). This 
disorder persists beyond the peak effect region (which 
is merely the zone in which fluctuations from the melt- 
ing transition enhance the pinning strength) down to low 
temperatures, except in the low-fleld limit where a quasi- 
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ordered lattice (the Bragg glass) is stable. The defect- 
free structure observed at 2T and 400 mK presents a 
positional order consistent with a Bragg glass, whilst 
the positionally and orientationally disordered high-fleld 
VS clearly indicate a vortex glass. The possibility that 
the order-disorder transition between low and high-fleld 
phases coincides with the crossover from individual to 
collective pinning deserves further investigation. In the 
event that these two phenomena are linked, both the 
topology of the vortex glass and H^{T) are expected 
to vary with the speed of undercooling through Tvm- 
Ideally, future experiments should compare samples with 
different thermal histories to accurately probe the limits 
of disorder in the SnMogSs phase diagram. 



FIG. 4: Vortex phase diagram of SnMoeSg. Measured data 
are displayed by points, extrapolated zones with thin lines. 
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